Cell-free extracts capable of converting 14C1-labeled gibberellins (GAs) were prepared from spinach (Spinacia oleracea L.) leaves. [i4C1-labeled GAs, prepared enzymically from I'4Clmevalonic acid, were incubated with these extracts, and products were identified by gas chromatography-mass spectrometry. The following pathway was found to operate in extracts from spinach leaves grown under long day (LD) conditions:
Spinach (Spinacia oleracea L.) is a LD rosette plant in which stem growth in LD is mediated by GAs2 (19, 20) . hydroxylated GAs have been identified in spinach leaves (14) . Of these, GA53, GA44, GA,9, GA20, and GA29 are related metabolically as shown in Figure 1 . Although all the steps of this pathway have not been unequivocally demonstrated in spinach, the evidence strongly suggests that the pathway does operate (5, 16) .
When spinach plants grown in SD are transferred to LD the level of endogenous GA,9 decreases, while levels of GA20 and GA29 increase ( 15) . This suggests that the photoperiod regulates the conversion of GA,9 to GA20, which is essential for stem growth. Further evidence for this hypothesis was put forward by Gianfagna et al. (5) 2 Abbreviations: GA(s), gibberellin(s); KG. a-ketoglutaric acid cell-free enzyme preparations from Cucurbita maxima endosperm (6, 8, 9) , Pisum sativum embryos (11) , and Phaseolus coccineus embryos (18) . Cell-free extracts from spinach leaves were therefore prepared to study the pathway of GA metabolism and its photoperiodic control in this LD plant. GBq mmol-'), using a cell-free system from Cucurbita maxima endosperm (18) . [ No conversion ofeither GA was observed in the absence of DTT. Preparations in which the buffer contained 10 mm DTT showed greatly increased enzyme activity over those which contained only 1 mM DTT ( Table 1 ). The presence of ascorbic acid in the extraction buffer slightly stimulated enzyme activity (Table I) and reduced browning of the extract.
MATERIALS AND METHODS

Preparation
Extracts made from either petioles or fully mature leaves were much less active than extracts made from young and partially expanded leaves (data not shown). Therefore, enzyme preparations were routinely made from young and partially expanded leaf blades (1-9 cm in length).
Enzyme activity could be precipitated by (NH4)2SO4 (Table   II) . Consequently, (NH4)2SO4 precipitation (30-60% (NH4)2SO4 saturation), followed by dialysis, was used routinely in enzyme preparations. Conversion of GAs by the Enzyme Preparation and Identification of Products. The GAs thought to be involved in the metabolic pathway in spinach were tested as substrates with the enzyme preparation (Table III) . There was no significant conversion of any of these GAs by the 200,000g pellet (crude microsomal preparation). No The identities of the main products ofthe complete incubation mixture were confirmed by GC-MS, and their specific radioac- (Table V) . Therefore, EDTA was included to chelate any remaining Fe2+, and this showed conclusively the requirement for Fe2` (Table V) (Fig.  3) . When an extract was diluted with buffer, activities of the three enzymes oxidizing GA53, GA44, and GAI9 were proportional to the protein concentration in the preparations (Fig. 4) (Fig. 5) . In another experiment activity was measurable after as little as 4 h (data not shown).
The activity of the GA44-oxidizing enzyme remained high over the entire period, indicating that this enzyme is not under photoperiodic control.
Plants that were given 3 LD and then returned to SD for 1 d lost enzyme activity for the GA53 and GA19 conversions. This is consistent with the observation (19) that stem elongation ceases (Fig.  6 ). The activities of the GA53-and GA,9-oxidizing enzymes decreased rapidly during the first hours in darkness and then remained low for the duration of the experiment. Protein (mg/ml) 
DISCUSSION
The results show that a cell-free system from spinach leaves converts several native GAs according to the scheme in Figure  1 . Although GA12 has not been shown to be endogenous to spinach (14) , it was converted to GA53 (Table IV) In pea embryos, 13-hydroxylation is associated with the microsomal fraction (11) . However, in spinach leaf preparations 1 3-hydroxylation was found to take place in the soluble fraction and not in the crude microsomal fraction. Even enzyme preparations that had been passed through a 0.45 gm Millipore filter The conversion of GA20 to GA29 did not occur in the spinach cell-free system. This may be for technical reasons because GA29 is present in relatively high amounts in spinach leaves in LD (I15, 16) .
Most of the data presented in this paper were obtained with nonsaturating concentrations of substrate, because the availability of substrates was the limiting factor. The data on which major conclusions are based (Table VII) were obtained with saturating (5 ,M) and nonsaturating (279-379 nM) concentrations, and both gave similar results. In addition, it is apparent that even at nonsaturating concentrations, enzyme activity is linearly related to protein concentration (Fig. 4) .
The results obtained in this study show that the oxidations of GA53 and GA,9 are under photoperiodic control, whereas the oxidation of GA44 is not to any significant extent. Previous work with feeding deuterated GA53 (5) Figures 5 and 6 , at least the latter part of the GA biosynthetic pathway operates at a very low rate at the end of the 16 h night. Enzyme activities increase during the 8 h light period and then decline again during the subsequent night. Thus, the amount of GA20 produced under SD is low. On the other hand, in LD (continuous light) enzyme activities increase to a constant level (Fig. 5) , which explains the higher GA20 content found in LD than in SD (15) . This, in turn, causes stem elongation.
There are many examples in the literature of plant enzymes being activated by light (12) . The regulation of several plant genes by light is also well documented (1, 2, 13, 17) . At present, it is not known whether the enzymes of the later steps in the GA biosynthetic pathway in spinach are regulated at the level ofgene activation or enzyme activity.
